Introduction
PSR J1928+1746 is a radio pulsar discovered in the ALFA survey [1] . It has a period of P = 68.7 ms and period derivativeṖ = 1.3209 × 10 −14 s s −1 , its characteristic age is ∼82 kyr and its spin-down power isĖ = 1.6 × 10 36 erg s −1 . It is located at a distance of 5.8 kpc derived from its Dispersion Measure and presents a flat radio spectrum [2] . Chandra observed the pulsar as a part of their CHAPS survey [3] . They established an upper limit on the pulsed emission of 5.8 × 10 −15 erg s −1 cm −2 in the 0.5-8 keV range. Nothing seen in the Swift-XRT survey of Fermi unassociated sources either 1 .
EGRET discovered 3EG J1928+1733, an unidentified source shown in [4] . This source is coincident with the Fermi unidentified source 3FGL J1928.9+1739 [5] , which is a steady source in the energy range between 100 MeV and 300 GeV. According to [8] , 3FGL J1928.9+1739 is classified as a likely pulsar. There is no source detected by the Fermi satellite at higher energies [6] . The region was observed by VERITAS [7] as part of the obsevations of SNR G054.1+0.3. They established upper limits on the integral flux above 1 TeV of a steady source centered at PSR J1928+1746 at a level F < 2.6 × 10 −13 cm −2 s −1 .
HAWC discovered 2HWC J1928+177 in the second HAWC catalog [9] . The source coincident with PSR J1928+1746 and 3FGL J1928.9+1739, but it is located in a very crowded region with the detection of 2HWC J1930+188 (SNR G054.1+0.3) and additional emission surrounding these two objects. HESS observed the region as part of the HESS Galactic Plane Survey (HGPS) [11] . HESS detected SNR G054.1+0.3, although there is no report of Very High Energy (VHE) γ-ray emission coincident with 2HWC J1928+177.
In this contribution we will use HAWC measurement of 2HWC J1928+177 and the upper limits placed by HESS on the same region to unveil the nature of the source discovered by HAWC.
Instruments and Data
The HAWC Gamma-Ray Observatory is located at Sierra Negra, Mexico at 4100 m a.s.l., and is sensitive to gamma rays and cosmic rays in the energy range from 100 GeV to 100 TeV [10] . It is composed by 300 optically isolated tanks covering an area of 22, 000 m 2 . Each one of these Water Cherenkov Detectors (WCD) consists of a metallic cylinder of 7.3 m diameter and 4.5 m height containing 180, 000 liters of water. They are equipped with one 10" PMT at the center and three 8" PMTs surrounding the central one. The array has a 2 sr field of view with >95% uptime. HAWC started operation in its full configuration in March 2015. HAWC's one-year sensitivity is better than the 50-hour sensitivity of the current generation of imaging atmospheric Cherenkov telescopes (IACTs) for energies larger than 10 TeV. The results presented on this contribution are for the time range between 26th November 2014 and 18th February 2017, containing a total of 760.3 days of livetime data. The data are binned according to the fraction of the detector hit ( f Hit) and all the gamma/hadron separation cuts, reconstruction and significance calculations are performed using these bins [10] .
H.E.S.S. is an array of five IACTs located at an altitude of 1800 m above sea level in the Khomas highlands of Namibia. During its first phase, also known as HESS-I, the instrument was composed of four 12-m diameter mirror Cherenkov telescopes [18] . During its second phase or HESS-II, an additional 28-m diameter mirror Cherenkov telescope was built at the center of the array. The angular resolution achieved by the system is < 0.1 • and the energy resolution ∼15 %. The HGPS uses data of the 4-telescope HESS system taken from 2004 to 2013 analyzed using a pipeline analysis. HESS took ∼30 hours of data in the 2HWC J1928+177 region.
Results
The Test Statistic (TS) of the HAWC detection is TS=102.4, corresponding to a significance of ∼ 10σ pre-trial significance assuming a point-like source and using a single power-law of the form:
The fit parameters are E 0 =7 TeV, f 0 = (1.07 ± 0.12) × 10 −14 TeV −1 cm −2 s −1 and Γ = 2.60 ± 0.09. Following a method similar to the one used to determine the energy range in the 2HWC catalog, the energy range for which this fit is valid ranges from ∼1 TeV -86 TeV. The source was detected with a significance > 3σ /bin only for f Hit > 4, which shifts the energy range where we confidently detect it to energies of a few TeV. The skymap of the region using all the data available is shown on Figure 1 . In order to get an improved angular resolution, we performed the analysis of the highest f Hit bins, where the angular resolution is ∼ 0.2 • . The skymap of the region is shown on Figure 2 In Figure 3 , we compare the spectrum measured by HAWC with the upper limits for a 95% confidence level, calculated above a safe threshold (∼ 500 GeV) for a HESS analysis using 0.1 • and 0.4 • integration radii. We also include the spectrum of 3FGL J1928.9+1739 as measured by Fermi.
Discussion
Using the results presented in Section 3, we discuss the origin of the VHE γ-ray emission of 2HWC J1928+177. Since there is no sign of unpulsed radio or X-ray source, and the 3FGL source coincident with the HAWC emission does not spectrally match the HAWC measured spectrum, we will use the VHE γ-ray measured spectrum and upper limits for the discussion.
Parent particle population
Having a pulsar at the center and not showing any variability, the source is likely to belong to the Pulsar Wind Nebula (PWN) or Supernova Remnant (SNR) class. In the case of PWNe, the VHE γ-ray emission is originated by inverse Compton emission from electrons upscattering ambient photon fields [12] . The γ-ray emission produced in SNRs is believed to be produced by π 0 decay produced as the result of proton collisions [17] . To calculate the parent particle population spectrum producing the observed γ-ray emission, we use the naima package [14] . We first assumed that the emission is produced by electrons upscattering Cosmic Microwave Background (CMB) and Far Infrarred (FIR) photons with a 20 K temperature. The energy density of the target photon fields is 0.25 eV/cm 3 and 0.3 eV/cm 3 respectively. Since the HAWC measured spectrum does not show any cut-off, the best fit function for the electrons producing the VHE γ-ray emission is a single power-law of the same form as in equation 3.1 with E 0 =1 TeV, f 0 =2.4
+0.7
−0.1 ×10 47 erg −1 and Γ = 3.25 +0.09 −0.10 . The total energy in electrons above 1 TeV that fits the VHE γ-ray data is W e =4.9 +1.6 −1.2 ×10 47 erg. The total energy released by the pulsar assuming an initial spin-down timescale of τ = 10 4 yr and a braking index of n=3 is ∼ 10 51 erg, meaning that only a small fraction of the energy injected by the pulsar needs to be invested into the acceleration of electrons to produce the VHE γ-ray emission we detect.
We also assumed that the emission is generated by π 0 decay produced by proton collisions. Since there is no observational evidence of high density gas in the region, the assumed density of the medium is n = 1 cm −3 . The spectrum is best fit by a power-law function with E 0 =1 TeV, f 0 =(3.7 −0.3 ×10 50 (n/1 cm −3 )erg. Taking into account that the canonical value for the energy released by a Supernova (SN) explosion is ∼ 10 51 erg, it means that a factor >10% of the energy of the SN needs to be transformed into acceleration of protons above 1 TeV to match the observed γ-ray emission. This is challenging, specially taking into account that the density of the medium might be smaller than the value considered, as it is the case for most of the VHE γ-ray emitting SNRs [15] . Notice that a spectrum originated by hadronic emission and showing no cutoff up to E = 86 TeV would also imply a hard spectrum not seen in any SNR at these energies yet. A higher flux due to an extension of the emission up to larger angular distances would strengthen the case that protons are unlikely to produce the measured VHE γ-ray emission.
In Figure 4 , we show the spectral energy distribution of the particles producing the VHE γ-ray emission, compared to HAWC measurements and HESS upper limits. 
Morphology
HESS upper limits are compatible with HAWC measurement for a size of the source of 0.4 • , which is the minimum size the source should cover at these energies to be compatible with the HESS upper limits. We note that since HESS upper limits were calculated above a safe threshold, it is not incompatible that the source is smaller at multi-TeV energies. Another possibility is that the spectral index of the source hardens below a few TeV and that is the reason for the nonsignificant detection in the lowest analysis bins. In this case, the source could still be smaller than 0.4 • without being incompatible with HESS upper limits. The HAWC result points to a point-like (0.2 • ) morphology at the highest energies (> 10 TeV). This might be a hint of energy-dependent morphology, pointing to a PWN origin of the VHE γ-ray emission, but the errors on the highest energy morphology of the source are so large that they make it compatible with a largest size as well.
Phenomenological model of PWNe
Following the guidelines from the most recent paper on the PWN population based on their phenomenological properties [16] and assuming that the pulsar powering the nebula is PSR J1928+1746, we calculated what is the position of this source with respect to the fits of TeV efficiency, luminosity and photon index as a function of the spin-down power of the central pulsar and its characteristic age. We also compared what is the position of the source in the TeV extension and surface brightness fits (assuming a 0.5 • size). We find that the assumption that the VHE γ-ray emission measured by HAWC has a PWN origin powered by the pulsar PSR J1928+1746 is in agreement with all the confidence intervals of these fits.
Conclusion
We studied the morphology and spectrum of the 2HWC J1928+177 to unveil the origin of the VHE γ-ray emission discovered by HAWC. HESS upper limits and HAWC spectrum and morphology point to a PWN origin of the VHE γ-ray emission. If confirmed by radio or X-ray measurements, this source would be the confirmed PWN powered by the oldest pulsar known. Sources of this age could be the connection between classical and confined PWNe and Geminga-like sources also known as electron halos, where the VHE γ-ray emission is not produced by confined particles, but by electrons diffusing into the interstellar medium.
